In this work, two underfloor solar assisted heating systems without and with phase change materials (PCMs) are investigated energetically for a building of 100 m 2 floor area, which is situated in Athens, (Greece). The simulations are conducted with the commercial software TRNSYS 17. More analytically, flat plate collectors coupled to a storage tank are used while there is, in the first system, an auxiliary heater and in the second system, a heat pump, for supplying the extra heating demand when the solar potential is not sufficient. The PCM layer (BioPCM Q29/M91) is situated below the underfloor heating system, which operates with water, in order to increase the storage capacity. Moreover, this study compares the indoor temperature profiles of the building with and without a PCM layer on the floor and specifically in different cases by changing the area of the collectors and the thickness of the insulation layer. The results showed that the electrical energy consumption decreases on average 70% and 41% for the system with an auxiliary heater and for the system with heat pump respectively. Moreover, the application of the PCM layer on the floor in both systems gives an increase of the indoor temperature about 2 o C into the limits of thermal comfort.
Introduction
The increasing rate of the buildings' energy consumption is a problem that concerns many countries in the world. Solar energy can cover a considerable part of the energy demands of buildings [1] [2] . It is important to state that a typical building can have a specific heating consumption up to 100 kWh/m 2 year [3] . Athens has a solar radiation of about 1600 kWh/m 2 year and this value makes it favorable for solar energy applications [4] .
The energy systems, which are used in buildings for heating and cooling requirements, should integrate renewable systems in order to improve their energy performances and to be more environmentally friendly [5] . In literature, there are many investigations of systems, which reduce energy consumption. Dietrich et al. [6] studied the exergoeconomic performance of a pumped heat electricity storage system and they concluded that this system can be considered as a worthy solution for the storage of the electrical energy. Yokoyama et al. [7] proposed a method in order to investigate the energy performance of a CO2 heat pump water heating system. Castaing-Lasvignottes et al. [8] investigated a model of a compressed air energy storage system which was connected to photovoltaics panels and to the grid and their purpose was to eliminate the energy from the grid. Korkmaz and Eğrican [9] developed a model of solarassisted radiant heating and cooling systems of buildings in Istanbul and also, they studied their energy performance. They found that the combination of the floor heating and the chilled ceiling gave acceptable indoor conditions. An underfloor heating system is an advantageous form for the buildings' heating [10] . It is also important to state that an underfloor heating system can reduce the heating loads by about 18% [11] and can ameliorate the indoor thermal conditions of the buildings [12] . In addition, the application of PCMs into the building envelope is another method, which improves the energy performance of buildings. PCMs can be added in windows [13] , walls [14] , roofs [15] and floors [16] . Ibrahim et al. [17] reviewed a considerable amount of literature relating to the heat transfer enhancement of PCMs for thermal energy storage applications. Moreover, Safari et al. [18] reviewed the supercooling of PCMs in thermal energy storage systems and they discussed applications with solar thermal storage.
The combination of solar-assisted underfloor heating systems and PCM layer is the objective of this study. PCM layer is used in order to increase the storage capacity and to decrease the energy demand. In literature, there are some investigations dealing with the application of PCM in radiant floor systems. For example, Lin et al. [19] carried out an experimental study of an underfloor electric system with PCM plates and they found that the use of PCM reduced the need for electricity. Ansuini et al. [20] developed a radiant floor system with the application of the PCM layer into it. Mazo et al. [21] investigated a model to simulate a floor heating system with PCM. In this study, a heat pump feeds the heating system in order to be a reduction of the electric energy consumption. Royon et al. [22] constructed and investigated a floor panel with PCM.
Cheng et al. [23] carried out experiments and they found that the application of shape-stabilized PCM in the underfloor heating system can reduce the energy demand of a building. Devaux and Farid [24] concluded that the thermal comfort in a building is achieved when the melting point of the PCM, which is situated in the ceiling and in walls, is low and when the melting point of the PCM, which is situated in the floor with a heating system, is high. Mays et al. [25] studied an insulated building with an underfloor electric heating system with PCM and they found that the PCM creates a 6-hour shift in electricity consumption. Lu et al. [26] developed a model which consist of a PCM double tube floor and a solar water heating system. They concluded that the energy consumption can be reduced by about 6% with the use of PCM if the indoor temperature remains at 20 o C.
In the present study, two underfloor solar assisted heating systems without and with PCM layer are investigated energetically for a typical building of 100 m 2 floor area. The simulations are conducted with the commercial software TRNSYS 17. Specifically, flat plate collectors coupled to a storage tank are used while there is, in the first system, an auxiliary heater and in the second system, a heat pump, for supplying the extra heating demand when the solar potential is not sufficient. The innovation of this study is the combination of a solar assisted heat pump with the incorporation of PCM in the underfloor heating system and the comparison of it with a system with an auxiliary heater. The PCM layer is situated below the underfloor heating system because in this way it can retain more heat by taking advantage of the heat capacity of the floor. It is important to state that the building is simulated with Type 56 [27] of TRNSYS and the PCM layer is simulated with Type 1270 from Thermal Energy System Specialists (TESS) Company [28] .
Material and Methods 2.1 The Examined Building
The examined building is an office of 100 m 2 floor area in Athens. Its parameters have typical values which are given analytically in Table 1 . Moreover, Figure 1 depicts the structure of the walls, floor and roof. Moreover, an "active layer" is added to the floor in order to model an underfloor heating system. This "active layer" contains fluid-filled pipes ( Figure 2 ) that either add or remove heat from the surface. Furthermore, the desired inlet mass flow rate in the pipes is given by the program and determines the segmentation of the area for the underfloor system. In our case, the specific mass flow rate of 8 kg/hm 2 separates the area into four segments. It is important to state that by changing the area segmentation, the system operation is improved.
The desired temperatures were set to be 21 o C-22 o C in winter. The minimum theoretical heating energy to cover this thermal comfort condition is about 2500 kWh, or 25 kWh/m 2 , which was calculated by TRNSYS. For the incorporation of the PCM layer on the floor was used Type 1270, which is a component of TRNSYS from Thermal Energy System Specialists (TESS) Company and in Table  2 are given its physical properties. Figure 3 shows the DSC and the enthalpy curves of PCM. The position of the PCM layer is visible in figure 1b . Type 1270 has built-in values for a specific brand of PCM, the BioPCM. BioPCM is a commercial grade macro encapsulated PCM available in a mat form, in which refined fatty acids are filled in square pouches. The selected PCM has the product name code M91 and it is offered in four different melting temperatures namely 23, 25, 27 and 29 o C. Since the PCM will be used with an underfloor heating system (with hot water) in a building, which operates close to 40 o C, a reasonable melting temperature is 29 o C, which is the highest of the selected temperatures and closest to the hot water temperatures. So, in this work, the BioPCM Q29/M91 has been selected. 
Basic Mathematical Formulation
The useful collector energy and the collector efficiency are given by the following equations:
(2) The basic equation which gives the energy balance in the storage tank is:
where the source is the energy from the collectors, the load is the heat which enters the building and loss is the radiant losses to the environment.
Auxiliary Heater
The heater adds heat to the flow stream at a rate less than or equal to Qaux,max, which is a user-determined quantity, whenever the control function is equal to one and the outlet temperature is less than the set-point Tset, which is set to be 45 o C. The operation of the auxiliary heater is described from the following equations:
The auxiliary heating is provided by an electrical resistance of 3 kW. This value is selected after a simple sensitivity analysis in order to have an acceptant indoor temperature profile and to achieve a relatively low electricity consumption. So, the symbol (Pel) is also used instead of (Qaux). The heating load of the building can be calculated as:
where Cp is the specific heat capacity of water and it is equal to 4.19 kJ/kg K. The solar coverage for both systems can be calculated by taking into account the energy that consumed from it (Pel), according to the following equation:
h el Q P f   1 (7) Type 1270 (PCM layer)
According to TESSLibs3-Mathematical Reference [28] , Type1270 is mathematically quite simplistic. The freeze/thaw process of PCM material occurs at a constant temperature and its specific heat is constant in the solid phase and in the liquid phase.
More analytically, when the PCM material is fully frozen, the final temperature is equal to:
When the PCM material is fully thawed, the final temperature is equal to:
where q1 and q2 are the quantities of energy entering the PCM from the adjacent wall layers, mPCM is the mass of the PCM, Cp,solid is the specific heat capacity at the solid state of PCM and Cp,liquid is the specific heat capacity at the liquid state of PCM. The initial and final temperature of the PCM material are equal when it is in a transition phase and Type1270 simply keeps track of how much energy the PCM has absorbed or given off. If the energy absorbed by the PCM during a particular time step exceeds the PCM's latent storage capacity then Type1270 computes how much of the energy was needed to fully melt the PCM, then applies the remaining energy to a temperature change in the liquid phase using (9) . Likewise, if the PCM is giving off energy to the surrounding wall layers and gives off more energy than the stored amount in a particular time step, then Type1270 computes how much energy was required to fully solidify the PCM and applies the remaining energy to a temperature change in the solid phase using (8) [28] .
Description of the examined systems
In this work, the simulation tool is TRNSYS 17 and the calculations are carried out when there is a heating demand in Athens, thus from November to April. Two different solar-assisted underfloor heating systems with and without a PCM layer on the floor are presented and compared energetically. In all cases, the storage tank volume is selected 1 m 3 . Table 3 gives the values of the parameters of the system.
The first system is a solar-assisted underfloor heating system with an auxiliary heater (Figure 4 ). More analytically, flat plate collectors heat water which is stored in the tank. After the storage tank, there is an auxiliary heater which is activated when the solar energy is not enough. The water of the auxiliary heater flows inside the tubes under the floor of the building when the indoor temperature of the building is low. Then, this water returns to the storage tank. It is important to state that the temperature of this water has to be lower than 45 o C for the tubes' protection. So, when the temperature of the water exceeds this limit, there is a mixing of the water, which goes to the building, with the water which returns from it. The auxiliary heater operates fewer hours due to the incorporation of the PCM layer on the floor which increases the storage capacity. The desired inside temperature was selected at 22°C and the auxiliary heater operates when the inside temperature is lower than 21°C in order to decrease the auxiliary energy. A parametric analysis of this system is made in order to optimize it achieving the lowest energy consumption and the greatest solar coverage. The main parameters that influence the system performance are the collecting area of FPC and the thickness of the insulation of the floor. Table 3 gives the values of the system parameters.
The second system is the same as the first one but instead of the auxiliary heater, there is a water-to-water heat pump ( Figure 5 ). The heat pump operates fewer hours due to the incorporation of the PCM layer on the floor, which increases the storage capacity. Figures 6a-b show the useful collector energy for various collecting areas for the two systems with auxiliary heater and with heat pump respectively. More analytically, for the system with an auxiliary heater (Figure 6a ), there is a reduction of energy with the application of the PCM layer below the heating system ranging between 5% and 8.8%. For the system with heat pump (Figure 6b ), there is a decrease in energy with the application of the PCM layer below the heating system of about 1.5~2.0%. It is important to state that the difference between the results in both systems in comparison with the insulation of 0.05 m and 0.03 m is imperceptible.
Results and discussion

Figures 7a-b show the electrical energy consumption
for various collecting areas for both systems. For the system with an auxiliary heater (Figure 7a ) there is a reduction of energy, on average 69.5%, with the application of the PCM layer below the heating system. Furthermore, the change of the thickness of the insulation plays an insignificant role. For the system with heat pump (Figure 7b ) there is a reduction of energy consumption, on average 41%, with the PCM layer in the same place. Furthermore, the change of the thickness of the insulation doesn't seem to play an important role but the best case in both systems is when the insulation is 0.05m. Figure 6a . The useful solar energy production for various collecting areas for the system with auxiliary heater. Figure 7a . The electricity consumption for various collecting areas for the system with auxiliary heater. Figure 6b . The useful solar energy production for various collecting areas for the system with a heat pump. Figure 7b . The electricity consumption for various collecting areas for the system with a heat pump. Figure 8 illustrates a comparison of the electrical energy consumption of the two systems when there isn't a PCM layer and when there is a PCM layer below the heating system with the best case of the insulation (0.05m). The higher reduction of the electrical energy consumption is after the collecting area 15m 2 , with the use of PCM in a system with the auxiliary heater. Figures 9a-b show the solar coverage for different collecting areas of the two systems. For the system with an auxiliary heater (figure 9a), there is an increase in the solar coverage for higher collecting areas and the maximum solar coverage is 90%. Furthermore, the application of the PCM layer below the underfloor heating system creates an increase of solar coverage ranging between 2.5% and 3.7% in comparison with the basic case without a PCM. The difference between the results in comparison with the insulation of 0.05m and 0.03m is imperceptible. For the system with heat pump (figure 9b), the maximum solar cover is about 84% and it is found for collecting areas about 20~25 m 2 . The solar coverage is higher for the PCM cases with a deviation of 0.5%. This fact indicates that the use of PCM leads to more efficient operation of the heat pump. Figure 8 . The electricity consumption for the system with the auxiliary heater and system with heat pump without and with PCM below the heating system. Figure 9b . The solar coverage for various collecting areas for the system with a heat pump. Figure 10 shows the indoor temperature's fluctuation for the two examined systems without and with PCM layer below the heating system and the best case of the insulation (0.05m) in winter period in Athens (1 st November-15 th April). It is clear that the temperature's fluctuations for all the examined cases are into the limits of thermal comfort and the cases with PCM give an increase of the temperature (over 21 o C) in comparison with the cases without PCM. The results are clearest in Figure 11 , which shows the temperature's fluctuation for the same cases but for the duration of two days (15 th November-16 th November). It is obvious that with the application of PCM in both systems, there is an increase in the indoor temperature about 2 o C. PCM works by increasing the thermal mass of a building, which not only can reduce the heat transfer rate during peak periods, but can also reduce relatively large internal temperature fluctuations 
Conclusions
A comparison of two solar-assisted underfloor heating systems of a building in Athens with and without the application of a PCM layer below the heating system is presented and is theoretically evaluated. The main conclusions are given the following:  The two examined solar-assisted underfloor heating systems can heat efficiently a building with a specific heating demand of 25 kWh/m 2 .  The use of the PCM layer on the floor reduces the useful collector energy on average 7% in the system with the auxiliary heater and about 2% in the system with a heat pump.  It is observed that for greater collecting area, there is lower energy consumption. Moreover, the electrical energy consumption decreases on average 69.5% for the system with auxiliary heater and on average 41% for the system with a heat pump with the application of PCM layer on the floor, below the heating system.  The change of the thickness of the insulation plays a negligible role.
 The optimum value for the auxiliary heater power is 3 kW, which is close to the maximum heating load of the building.  The higher reduction of the electrical energy consumption is after the collecting area 15m 2 , with the use of PCM in the system with an auxiliary heater.  For greater collecting area, there is an increase in solar coverage.  The application of the PCM layer on the floor in both systems gives an increase of the indoor temperature about 2 o C into the limits of thermal comfort. 
